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Abstract

The structural stability of a commercial hydrous zirconia and a hydrous zirconia synthesized in our laboratory by the sol-gel method has been
improved by a post-synthesis reflux treatment with aqueous NH,OH and NaOH solutions (100 °C for 9 h). Direct calcination of both materials at
700 °C for 3 h, rendered zirconium oxides with a mixture of monoclinic and tetragonal structures and specific areas of 36 and 27 m*/g, respectively.
In contrast, if the materials were refluxed before calcination with NaOH or NH4OH solutions, zirconium oxides with tetragonal structure and
specific areas between 90 and 200 m*/g were obtained after calcination at 700 °C. In the treatments with NaOH solution, addition of Si coming
from dissolution of the flask glass walls or from an external Si source in a plastic flask is responsible for the stability of the final zirconium oxides.
Nevertheless, the porous structure of these materials is determined by the treatment conditions in basic solution, thus allowing to control the
physical properties of the final oxide. Short treatment times are sufficient to stabilize the hydrous zirconia. On the contrary, if the reflux is made
with a NH4OH solution, the stabilization mechanism appears to be different since there is no evidence of Si addition in the oxides. In this case, the

pore size distribution strongly depends on the reflux time, and the highest specific area is obtained for the largest treatment time (9 h).
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1. Introduction

Zirconium oxide has been shown to be an excellent support
to prepare catalysts for different uses. Particularly, Pd supported
on zirconium oxide is the catalyst that has the best performance
in the total oxidation of methane at low temperature [1,2]. A
high-activity catalyst for CO oxidation prepared with Cu
supported on yttria-stabilized zirconium oxide has been
reported by Dow and Huang [3]. However, the optimum Cu
load is limited by the specific area of the zirconium oxide [4]. In
recent years it has been shown that Cu/ZrO, catalysts also
present high activity during methanol synthesis from CO and
H, [5,6] and hydrogen production by steam reforming of
methanol for fuel cell applications [7,8]. The zirconium oxide
can also act as a catalyst by itself in reactions such as
hydrogenation of CO [9] and of olefins [10]; therefore
preparing zirconium oxide with a large specific area is an
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interesting challenge to improve its performance as a support
and its direct use as catalyst.

Different methods to prepare high-surface-area zirconium
oxide have been reported in the literature. Impregnation of
activated charcoal with aqueous zirconyl nitrate [11], prepara-
tion from zirconium alkoxides under hydrothermal conditions
[12], substitution of zirconium by other oxides, e.g. of
lanthanum, magnesium, etc. [13,14], are some examples.
Sulfation of zirconium hydroxide before calcination also leads
to greater stability of the material, which also has numerous
catalytic applications [15]. Chuah et al. [16] have shown that
the time and temperature of digestion of the hydrous zirconia
obtained by precipitation of zirconium chloride with ammo-
nium hydroxide is crucial to obtain zirconium oxides with large
surface area without the need to add other oxides as dopants.
The higher the digestion temperature and reflux time, the better
the thermal stability of the oxide produced. Similar results have
been obtained by Risch and Wolf [17], who reported an
improvement in the surface area of sulfated zirconia if the
freshly precipitated hydrous zirconia is refluxed at 90 °C for
20 h before the sulfation step. Later, Chuah and Jaenicke [18]
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showed that using NaOH instead of ammonium hydroxide led
to a zirconium oxide with a considerably larger specific area. A
zirconium oxide with an extraordinarily large specific area
(380 m*/g after calcining at 500 °C) has also been reported by
Chuah et al. [19] by using a reflux treatment with NH,OH of a
hydrous zirconia prepared by the sol-gel method. Recently Bell
and co-workers [6] study the effect of zirconia phase on the
activity and selectivity of Cu/ZrO, catalysts during CO
hydrogenation. These copper catalysts were prepared over
relatively pure monoclinic or tetragonal zirconia supports with
high surface areas around 150 m?/g. In all these previous works
the reflux digestion treatment was done directly on the moist
hydrous zirconia as an integral part of the process of synthesis.

In a previous work on CH, combustion over supported Pd
catalysts [20], our group reported that the reflux treatment of
commercial hydrous zirconia with a NaOH solution during 12 h
at 100 °C, allowed remarkable stabilization of the solid
structure keeping a high specific area after calcination at
700 °C. Considering the great importance that high specific
area zirconia present for applications in catalysis, this work
reports the results of a more detailed and thorough study on the
effect of the post-synthesis treatment with NaOH and NH,OH
solutions. Special attention is given to the effect of concentra-
tion and reflux time on the physical properties of the resulting
zirconium oxides. In order to verify if the post-synthesis
treatment is effective in materials prepared by different
methods, two hydrous zirconias obtained from different
sources are studied. One of the samples studied corresponds
to the same commercial material used in the previous work and
the other one is a hydrous zirconia synthesized by the sol—gel
method in our laboratory.

2. Experimental

The hydrous zirconias used in this work correspond to a
commercial material, FZ0922 from MEI Company, whose
characteristics are given in Table 1, and a hydrous zirconia
synthesized in our laboratory by the sol-gel method. In the
latter case the hydrous zirconia was synthesized by the
following method [21]. Fifty milliliters of a 70% propanol
solution of zirconium isopropoxide were added slowly drop
wise to a mixture of 135 ml of n-propanol and 4 ml of H,O in a
500-ml round-bottom flask at 70 °C. When all the isopropoxide
solution had been used, another 4 ml of water were added. The

Table 1

Characteristics reported for commercial hydrous zirconia MEI FZ0922?
Typical ZrO, content range (%) 65-75
Particle size (d50) (um) 15
Surface area (as received) (mzlg) 480
Surface area (calcined 500 °C/2 h) (m2/g) 100
Pore volume (as received) (cm’ /g) 0.3
Na (%) 0.02
Cl (%) 0.02
SO;5 (%) <0.1
TiO, (%) 0.1
SiO, (%) 0.05

* Information obtained at http://www.zrchem.com.

suspension was refluxed for 12 h and the solvent was then
evaporated in a rotavapor. The solid obtained was dried in an
oven at 105 °C overnight. These hydrous zirconias are
identified as solids HZ-MEI and HZ-SG, respectively.

For the digestion treatment in basic medium, 6-g samples of
the hydrous zirconia (HZ-MEI and HZ-SG) were placed in
round-bottom flasks and refluxed at 100 °C for 9 h in the
presence of aqueous solutions of ammonium hydroxide or
NaOH. When refluxing with ammonium hydroxide, 50 ml of
NH4OH (Merck p.a., 25%, w/w) and 200 ml of distilled water
were added to the solid, and the heating was done in
conventional refluxing equipment without stirring the mixture.
The amount of NH,OH added was calculated to provide a
NH4OH/Zr mole ratio of about 9. After refluxing, the solid was
filtrated, washed with distilled water, and dried at room
temperature for 24 h. It was then placed in an oven at 105 °C
overnight. The materials treated with the aqueous ammonia
solution are designated as HZA-MEI and HZA-SG. When
refluxing with NaOH, 6-g samples of each of the hydrous
zirconias HZ-MEI and HZ-SG were added to 60 ml of a 5 M
solution of NaOH (10 ml NaOH/1 g of Zr(OH), ratio) and the
mixture was refluxed for 9 h. The solids obtained were filtered,
washed and dried in an oven at 105 °C. These materials are
designated as solids HZNa-MEI and HZNa-SG.

After drying, part of the samples treated with NH,OH
(HZA-MEI and HZA-SG) or NaOH (HZNa-MEI and HZNa-
SG) were calcined at 700 °C for 3 h in a muffle furnace. The
calcination was carried out using a temperature ramp from
room temperature to 150 °C at a rate of 1°C/min, 2 h at
150 °C, and then to 700 °C at a rate of 5 °C/min, keeping the
temperature at 700 °C for 3 h. The zirconium oxides obtained
from the calcination of hydrous zirconias HZA-MEI and
HZA-SG are designated as ZOA-MEI and ZOA-SG,
respectively, while those obtained by calcination of hydrous
zirconias HZNa-MEI and HZNa-SG are designated as ZONa-
MEI and ZONa-SG, respectively. Also, a sample of the
commercial hydrous zirconia (HZ-MEI) and the hydrous
zirconia synthesized by the sol-gel method (HZ-SG) were
calcined directly (without pretreatment) using the above
program, and were used for comparison with the refluxed
samples. These zirconium oxides are identified as solids
Z0O-MEI and ZO-SG, respectively.

The hydrous zirconias dried at 105 °C as well as the
zirconium oxides obtained after calcining at 700 °C were
characterized by N, adsorption in a Micromeritics ASAP 2010
equipment to determine their BET area and pore size
distribution. All the samples were degassed at 200 °C before
determining the adsorption isotherms.

The crystal structure of the zirconium oxides obtained after
calcination at 700 °C was determined in a Siemens D-5000
diffractometer using Cu Ko radiation and a scan rate of 0.02°/
min. The percentage of monoclinic and tetragonal structures
was estimated from the area under the characteristic peaks of
monoclinic phase for (111) and (111) reflexes, and the
tetragonal phase for the (1 1 1) reflex [16].

An OXFORD Instrument7424 EDS X-ray spectrometer
attached to a LEO Electron Microscopy 1420VP SEM was used
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to determine the Si content in solid zirconium oxide samples.
The Si concentration in the used solutions after the reflux
treatments was measured by ICP elemental analysis.

3. Results

Table 2 summarizes the physical characterization of the
different solids obtained in this work as well as the material
prepared in our laboratory and the commercial hydrous
zirconia. All the data in Table 2 use the mass of the solid
after evacuation at 200 °C (approximately 1.5 h) as reference. It
is seen that both, the specific area as well as the pore volume of
the commercial material determined in the laboratory, are lower
than the values reported in Table 1 by MEIL These differences
might be explained by a different basis used for the
calculations, the specific characteristics of the batch received,
or the evacuation procedure at 200 °C used in our laboratory. In
any case, this work considers only the data of the commercial
material reported in Table 2.

The characterization results of the hydrous zirconias, solids
HZ-MEI and HZ-SG, given in Table 2, show that both materials
have large specific areas, 400 and 419 m*/g, respectively. The
main difference lies in the smaller pore volume (0.24 cm’/g)
and mean pore diameter (24 A) shown by the commercial with
respect to that prepared by the sol—-gel method, which has a pore
volume of 0.35 cm*/g and a mean pore diameter of 32 A. The
adsorption isotherms and pore size distributions of these
hydrous zirconias as well as of the materials obtained after
refluxing are shown in Figs. 1 and 2, respectively. It is seen that
both untreated materials (Fig. 1A and B) have type I isotherms,
with a practically imperceptible hysteresis loop in the case of
the commercial material. In the HZ-SG material the hysteresis
loop is somewhat more noticeable and is located at relative
pressures of 0.4 and higher, revealing the existence of a certain
amount of larger diameter pores than in solid HZ-MEI. In fact,
the pore size distribution curves obtained from the desorption

Table 2

branch of the isotherms by the BJH method (Fig. 2A and B),
show that in the commercial material there are practically no
pores larger that 40 A, while in hydrous zirconia HZ-SG there is
an important amount of pores with diameters above 100 A,
reaching diameters of about 1200 A. The cumulative pore
volume curves (not included) show that in solid HZ-MEI
almost 90% of the total pore volume corresponds to pores with
diameters below 100 1&, while in material HZ-SG less than 60%
of the pore volume is associated with pores having diameters
smaller than 100 A.

When the hydrous zirconias undergo digestion with
NH,4OH, solids HZA-MEI and HZA-SG are obtained. As
may be seen in Table 2, refluxing with NH,OH causes an
increase in the specific area of both materials. This enhance
occurs together with an increase in pore volume and a slight
increase in mean pore diameter. The adsorption isotherms of
these hydrous zirconias are shown in Fig. 1C and D. It is seen
that treatment with NH,OH causes practically no changes in the
shapes of the isotherms with respect to the ones they had before
the treatment. Only a slight change is seen in the shape of the
isotherm of solid HZA-MEI, which now shows a small
hysteresis loop in the relative pressure region of 0.35-0.55,
which corresponds to pores between 32 and 50 A. The pore
distribution curves of the digested hydrous zirconias, shown in
Fig. 2C and D, are practically identical with those of the
untreated materials. It is clear, therefore, that digestion with
NH,4OH does not cause significant changes in the pore structure
of the hydrous zirconia.

Contrary to what had been found previously, when the
treatment is done with NaOH, there is a substantial decrease in
the specific area of the hydrous zirconia. As shown in Table 2,
the commercial hydrous zirconia, HZNa-MEI, has an area of
167.3 m*/g, while that prepared by the sol—gel method, HZNa-
SG, decreases its area to 242.5 m?/g. Furthermore, mean pore
diameter increases considerably in both hydrous zirconias
digested with NaOH. The isotherms of these materials are

Characterization of hydrous zirconia with and without pretreatment in aqueous solutions of NH,OH and NaOH (5.0 M) and their oxides obtained after calcination

Sample description Nomenclature® SABET (mz/g) Pore volume (cm3/g) Mean pore diameter (A) Crystalline phase XRD
Hydrous zirconia MEI
Non-treated HZ-MEI 400.2 0.24 24 -
Refluxed with NH;OH HZA-MEI 413.7 0.27 26 -
Refluxed with NaOH 5.0 M HZNa-MEI 167.3 0.22 53 -
Hydrous zirconia sol—gel
Non-treated HZ-SG 419.2 0.35 32 -
Refluxed with NH;OH HZA-SG 447.5 0.37 33 -
Refluxed with NaOH HZNa-SG 242.5 0.44 74 -
Zirconium oxides MEI
Calcination of HZ-MEI ZO-MEI 36.2 0.08 92 83% m+ 17% t
Calcination of HZA-MEI ZOA-MEI 127.7 0.12 38 t
Calcination of HZNa-MEI ZONa-MEI 130.4 0.20 60 t
Zirconium oxides sol—gel
Calcination of HZ-SG 70O-SG 26.6 0.09 132 34% m + 66% t
Calcination of HZA-SG ZOA-SG 92.2 0.14 60 t
Calcination of HZNa-SG ZONa-SG 200.1 0.40 79 t

* Nomenclature—HZ: hydrous zirconia; ZO: zirconium oxide; A: refluxed with ammonia solution; Na: refluxed with NaOH solution. (m): monoclinic, (t):

tetragonal.
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Fig. 1. N, adsorption (—) and desorption (- - -) isotherms of the original (untreated) and treated hydrous zirconias before calcination. Left column: commercial
hydrous zirconia; right column: sol-gel hydrous zirconia. Untreated hydrous zirconias: (A) HZ-MEI; (B) HZ-SG. Hydrous zirconias treated with NH,OH solution:
(C) HZA-MEI, (D) HZA-S. Hydrous zirconias treated with NaOH solution: (E) HZNa-MEI; (F) HZNa-SG.

shown in Fig. 1E and F. It is seen that the isotherms of both
solids show a larger hysteresis than that observed after
treatment with NH,OH, starting at relative pressures of 0.4 and
extending to relative pressures close to 1. The shape of the
hysteresis loops cannot be associated easily with the classical
type A-E shapes [22], but the absence of pronounced steps in
the adsorption or desorption branches indicates a relatively
wide distribution of pore diameters. The largest difference in
the shape of the isotherms is the pronounced increase in the
adsorbed volume at high relative pressures shown by solid
HZNa-SG, suggesting the existence of pores with large mean
diameter. In fact, the pore size distributions in Fig. 2E and F
show that solid HZNa-MEI has a relatively wide pore
distribution, but practically no pores larger than 100 A, while
solid HZNa-SG shows a distribution with substantially larger
pore diameter up to 800 A. Therefore, in contrast with the
NH,4OH treatment, digestion with NaOH produces noticeable
changes in the structure of the hydrous zirconia, with a large

decrease in the BET area produced by the increase in mean pore
diameter, considering that the total pore volume increases or
remains constant, as can be seen in Table 2. These results
suggest that the treatment with NaOH generates a re-dissolution
and re-precipitation of the material that forms the hydrous
zirconia. During this process a fraction of the thin walls
between the pores are probably destroyed, thus increasing the
average pore diameter without changing the total pore volume.
As it is discussed later, the notable decrease of the specific area
of hydrous zirconia after treatment with NaOH solutions is
related to the high concentration of the base used (NaOH 5 M).
When NaOH concentration is lower, the digestion of the
hydrous zirconia is less severe, rendering hydrous zirconia very
similar to the one obtained during the treatment with NH,OH (a
weak base).

The stability of these six hydrous zirconias to calcination at
700 °C for 3 h s quite different. As shown in Table 2, when the
commercial hydrous zirconia and the one synthesized by the
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Fig. 2. Pore size distribution of the original (untreated) and treated hydrous zirconias before calcination. Left column: commercial hydrous zirconia; right column:
sol—gel hydrous zirconia. Untreated hydrous zirconias: (A) HZ-MEI; (B) HZ-SG. Hydrous zirconias treated with NH4OH solution: (C) HZA-MEI; (D) HZA-SG.

Hydrous zirconias treated with NaOH solution: (E) HZNa-MEI; (F) HZNa-SG.

sol-gel method are calcined directly at 700 °C for 3 h, the
specific area of the oxides produced, ZO-MEI and ZO-SG, is
36.2 and 26.6 m*/g, respectively. The strong decrease of the
specific area is explained by the drop in pore volume to values
between 0.08 and 0.09 cm*/g, together with an increase in mean
pore radius to 92 A in oxide ZO-MEI and to 132 A in oxide ZO-
SG. The adsorption isotherms and pore size distributions of the
calcined materials are shown in Figs. 3 and 4, respectively.
Oxide ZO-MEI (Fig. 3A) shows a hysteresis loop similar to
type A, located at relative pressures between 0.5 and 0.8, which
is characteristic of solids with a relatively narrow mesopore
distribution between 50 and 110 A. That is confirmed by the
pore size distribution of the desorption branch (Fig. 4A). The
distribution curve shows a maximum at pore diameter close to
75 A. Most of the pores, about 80% of the total pore volume,
have a size below 90 A. In the case of the oxide ZO-SG

(Fig. 3B), the shape of the isotherm is quite different from that
of the commercial oxide. There is a hysteresis loop in which the
adsorption branch rises steeply to relative pressures above 0.8
that indicates the presence of large pores with diameters greater
than 110 A. The desorption branch also shows a large drop in
the adsorbed volume as the relative pressure decreases to 0.9,
indicating the existence of pores larger than those found in the
commercial material. In fact, as seen in Fig. 4B, the pore size
distribution has two peaks, the smaller one below 100 A, with a
maximum at about 60 1&, while the second, larger peak, has a
maximum at about 300 A. In contrast with oxide Z0O-ME], in
this material only 20% of the total pore volume lies below 90 A.
The great decrease in pore volume in both materials reflects the
collapse of the structure of the hydrous zirconia during heating,
indicating the low stability of the untreated materials.
Moreover, as shown in Fig. 5, the crystal structure of both
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Fig. 3. N, adsorption (—) and desorption (- - -) isotherms of zirconium oxides obtained by calcination of the original (untreated) and treated hydrous zirconias. Left
column: commercial hydrous zirconia; right column: sol—gel hydrous zirconia. Oxide from untreated hydrous zirconias: (A) ZO-MEI; (B) ZO-SG. Oxide from hydrous
zirconias treated with NH4OH solution: (C) ZOA-MEI,; (D) ZOA-SG. Oxide from hydrous zirconias treated with NaOH solution: (E) ZONa-MEI; (F) ZONa-SG.

oxides is a mixture of monoclinic and tetragonal structures, in
agreement with what has been reported in the literature (see
[18] and references therein).

However, when the hydrous commercial zirconia and that
synthesized by the sol-gel method are previously refluxed with
NH,4OH, calcination at 700 °C produces zirconium oxides with
specific areas substantially larger than those obtained by
calcination of the materials without pretreatment. In fact, the
oxides ZOA-MEI and ZOA-SG have specific areas of 127.7 and
92.2 m%/g, respectively. These areas are almost four times greater
than those obtained by direct calcination of the hydrous zirconia
without pretreatment, showing clearly that digestion with
NH,4OH has been effective in stabilizing the structure of both
hydrous zirconias. The oxides ZOA-MEI and ZOA-SG have
similar pore volumes, 0.12 and 0.14 cm?®/g, respectively, but
differ in their pore size. The mean pore diameter of oxide ZOA-
MEL s 38 A, while that of oxide ZOA-SG is 60 A. This shows, as
expected, that the characteristics of the hydrous zirconias (HZA-

MEI and HZA-SG) affect the structure of the final zirconium
oxide. In this particular case, hydrous zirconia HZA-MEI is more
stable than hydrous zirconia HZA-SG with respect to the
calcination process. The difference in the porous structure of the
two oxides, ZOA-MEI and ZOA-SG, is shown by the shapes of
the isotherms and by the pore distributions. The isotherm of oxide
ZOA-MEI (Fig. 3C) has a well-defined type E hysteresis loop
between relative pressures of 0.4 and 0.6, corresponding to pores
with diameters between 36 and 56 A. Pore size distribution in the
desorption branch (Fig. 4C) is narrow, with a maximum around
35 A. In contrast with the previous solid, the isotherm of oxide
ZOA-SG (Fig. 3D), has a slightly pronounced hysteresis loop
from P/P, equal to 0.4, which extends to relative pressures close
to saturation, suggesting a heterogeneous distribution of pores
with relatively large diameters. In fact, the pore distribution curve
of this solid (Fig. 4D) shows a wide bimodal distribution, with
maxima at 35 and 400 A. Thus, the mean pore diameter reported
in Table 2 does not reflect correctly the actual mean pore diameter
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Fig. 4. Pore size distribution of zirconium oxides obtained by calcination of the original (untreated) and treated hydrous zirconias. Left column: commercial hydrous
zirconia; right column: sol-gel hydrous zirconia. Oxide from untreated hydrous zirconias: (A) ZO-MEI; (B) ZO-SG. Oxide from hydrous zirconias treated with
NH,4OH solution: (C) ZOA-MEI; (D) ZOA-SG. Oxide from hydrous zirconias treated with NaOH solution: (E) ZONa-MEI; (F) ZONa-SG.

of this material. When the pore size distribution of solid ZOA-SG
is compared with that of the solid obtained by direct calcination
of untreated hydrous zirconia, it can be concluded that the
stabilizing effect of the treatment with NH4,OH is to reduce
considerably the formation of large diameter pores upon
calcination at high temperature. Although the porous structure
of the oxides is different, it can be seen in Fig. 5 that the crystal
structure of both oxides is tetragonal, indicating that the crystal
structure is not affected by the pore structure of the original
hydrous zirconias, but the reflux treatment stabilizes the crystal
structure changing it from a mixture of monoclinic and tetragonal
(Fig. 5A and B) to a pure tetragonal phase (Fig. 5SC-F).
Treatment of the hydrous zirconias with NaOH also
stabilizes these materials, as shown in Table 2. This result
was also observed in our previous work [20]. Calcination at
700 °C for 3 h of the hydrous zirconias treated with NaOH
produce the zirconium oxides ZONa-MEI and ZONa-SG,

which have specific areas of 130 and 200 m?/g, respectively.
The larger specific area of the oxide ZONa-SG is due to a
greater pore volume and smaller mean pore diameter than the
oxide ZONa-MEI. The smaller area of the last oxide is expected
since the hydrous zirconia HZNa-MEI already posses a smaller
specific area than the HZNa-SG after the treatment with NaOH.
This indicates that, contrary to what happens upon digestion
with NH4OH, the result of refluxing with NaOH is affected by
the physical structure of the initial material and it produces a
zirconium oxide with larger specific area when treating the
hydrous zirconia HZNa-SG. Nonetheless, it must be noted that
the stabilizing effect is similar for both hydrous zirconia
(HZNa-SG and HZNa-MEI) provided that, upon calcination,
the area of both solids decreases about 20%. The isotherms of
both oxides are shown in Fig. 3E and F. It is important to
point out that the isotherms are practically identical to those
of the hydrous zirconias HZNa-MEI and HZNa-SG before
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Fig. 5. XRD patterns of zirconium oxides obtained by calcination of the original (untreated) and treated hydrous zirconias. Left column: commercial hydrous
zirconia; right column: sol-gel hydrous zirconia. Oxide from untreated hydrous zirconias: (A) ZO-MEI; (B) ZO-SG. Oxide from hydrous zirconias treated with
NH4OH solution: (C) ZOA-MEI; (D) ZOA-SG. Oxide from hydrous zirconias treated with NaOH solution: (E) ZONa-MEI; (F) ZONa-SG.

calcination, and therefore the pore size distributions shown in
Fig. 4E and F are also very similar to those of the corresponding
hydrous zirconias. This confirms the high stability achieved by
the hydrous zirconias after treatment with NaOH. On the other
hand, the zirconium oxides produced, ZONa-MEI and ZONa-
SG, have a tetragonal crystal structure, in agreement with what
was reported for materials prepared by precipitation of
zirconium(I'V) chloride with NaOH and digested in the mother
liquor at 100 °C [18].

The influence of the concentration of the NaOH solution was
studied using the commercial material. The procedure was
similar as described in the experimental part, but also using 2.0
and 0.5 M NaOH solutions. The physical characteristics of these
materials are given in Table 3, where the materials treated with
5.0 M NaOH solution is again included for comparison. It is seen
that the higher the concentration of the NaOH solution, the lower

the specific area of the hydrous zirconia obtained. Thus, when the
0.5M NaOH solution is used, the specific area of hydrous
zirconia HZNa(0.5) is 329 m?/g, a value considerably higher than
when the NaOH 2.0 M (solid HZNa(2.0)) and 5.0 M (solid
HZNa(5.0)) solutions were used, with specific areas of 228 and
167 m?/g, respectively. Pore volume, however, does not undergo
important changes with NaOH concentration remaining in the
range of 0.23-0.22 cm>/g. In contrast, the mean pore diameter
increases with increasing NaOH concentration, from 28 A forthe
more dilute solution to 53 A for the treatment with 5.0 M NaOH.
This increase in mean pore diameter accounts for the decrease in
specific area as NaOH concentration increases. The adsorption
isotherms of the hydrous zirconias and the zirconium oxides
obtained after calcination at 700 °C for 3 h treated with 0.5 and
2.0 M NaOH are shown in Fig. 6. The isotherms of the hydrous
zirconia and of the zirconium oxide treated with NaOH 5.0 M are
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Table 3
Characterization of commercial hydrous zirconia MEI treated with aqueous NaOH solutions of different concentration and their oxides obtained after calcination
Sample description Nomenclature SAggT Pore volume Mean pore diameter
(m%/g) (cm*/g) 4V/A BET (A)

Hydrous zirconia

Refluxed with NaOH 0.5 M HZNa(0.5) 3294 0.23 28

Refluxed with NaOH 2.0 M HZNa(2.0) 227.7 0.22 39

Refluxed with NaOH 5.0 M HZNa(5.0)* 167.3 0.22 53
Zirconium oxides

Calcination of HZNa(0.5) ZONa(0.5) 173.9 0.14 31

Calcination of HZNa(2.0) ZONa(2.0) 166.3 0.18 44

Calcination of HZNa(5.0) ZONa(5.0)" 130.4 0.20 60

* Solids HZNa(5.0) and ZONa(5.0) correspond to those identified previously as HZNa-MEI and ZONa-ME], respectively. This new nomenclature has been used to
make the NaOH concentration explicit.

also included for comparison. It is seen that the isotherm of the the commercial material is treated with NH,OH. When NaOH
hydrous zirconia treated with the lowest NaOH concentration concentration is increased to 2.0 M and above, the isotherm
shows a small hysteresis loop between relative pressures of 0.4 changes substantially, showing a wide hysteresis loop that starts
and 0.6, and the shape of the isotherm is similar to that seen when at about P/Py = 0.4 and extends to pressures close to saturation.

Commercial hydrous zirconia Commercial ZrO,
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Fig. 6. N, adsorption (—) and desorption (- - -) isotherms of commercial hydrous zirconia MEI treated with 0.5, 2.0 and 5.0 M NaOH solutions and resulting
zirconium oxides: (A) HZNa(0.5); (B) ZONa(0.5); (C) HZNa(2.0); (D) ZONa(2.0); (E) HZNa(5.0); (F) ZONa(5.0).
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Calcination of the hydrous zirconias HZNa(0.5) and HZNa(2.0)
leads to zirconium oxides ZONa(0.5) and ZONa(2.0), respec-
tively. As seen in Table 3, zirconium oxide ZONa(0.5) has the
largest specific area, 174 m*/g, decreasing to 166 m?/g for the
oxide ZONa(2.0), and finally to 130 m?/ g for oxide ZONa(5.0).
Pore volume, on the other hand, is larger in the materials treated
with a higher NaOH concentration. Even though oxide
ZONa(0.5) has the largest specific area, the stability of the
hydrous zirconias decreases as NaOH concentration decreases,
because in this case the decrease in the specific area after
calcination of the HZNa(0.5) material is 50%, while when
hydrous zirconia HZNa(2.0) is calcined a 27% decrease in area
occurs, and upon calcination of the HZNa(5.0) material the area
decrease is only 23%. The isotherms of these oxides are shown on
the right column of Fig. 6. As it can be observed, the shape of the
isotherms of these oxides is practically identical to that of the
hydrous zirconia, but displaced to smaller values of adsorbed gas
volume. This shows, again, the high structural stability reached

Commercial hydrous zirconia

with the materials treated with NaOH. In fact, the pore size
distributions shown in Fig. 7 for the hydrous zirconia and the
zirconium oxidize confirm that, even though the pore size
distributions are slightly displaced to larger pore diameters in the
oxides, the isotherms and pore distributions are practically
identical to those of the hydrous zirconias. What is most
important is that by changing the NaOH concentration it is
possible to control the mean pore size and the pore size
distribution of the zirconium oxides obtained, starting from a
monomodal pore distribution of small diameter at the lower
NaOH concentration, going through a bimodal distribution at an
intermediate NaOH concentration, to end up with an essentially
monomodal distribution (with a small shoulder at smaller pore
diameters) and large pore size, after treatment with the NaOH
5.0 M solution.

The effect of the reflux time was also studied using
commercial hydrous zirconia. The results of the physical
characterization of the materials obtained treating hydrous
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Fig. 7. Pore size distribution of commercial hydrous zirconias MEI treated with 0.5, 2.0, and 5.0 M NaOH solutions and the resulting zirconium oxides. Same

nomenclature as in Fig. 5.
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Table 4

Characterization of commercial hydrous zirconia MEI treated with aqueous NaOH solutions 5.0 M at different reflux times and their oxides obtained after calcination

Sample description Nomenclature SAggT Pore volume Mean pore diameter
(m%/g) (cm*/g) 4V/A BET (A)

Hydrous zirconia

Refluxed during 9 h HZNa(9)* 167.3 0.22 53

Refluxed during 6 h HZNa(6) 171.4 0.23 53

Refluxed during 3 h HZNa(3) 208.7 0.25 48
Zirconium oxides

Calcination of HZNa(9) ZONa(9)* 130.4 0.20 60

Calcination of HZNa(6) ZONa(6) 1234 0.20 64

Calcination of HZNa(3) ZONa(3) 130.5 0.21 63

* Solids HZNa(9) and ZONa(9) correspond to those identified previously as HZNa-MEI and ZONa-ME], respectively. This new nomenclature has been used to

make the time of reflux explicit.

Table 5

Characterization of commercial hydrous zirconia MEI treated with aqueous NH,OH solutions at different reflux times and their oxides obtained after calcination

Sample description Nomenclature SAggT Pore volume Mean pore diameter
(m%/g) (cm*/g) 4V/A BET (A)

Hydrous zirconia

Refluxed during 9 h HZA©9)* 413.7 0.27 26

Refluxed during 6 h HZA(6) 412.2 0.27 26

Refluxed during 3 h HZAQ3) 3943 0.25 26
Zirconium oxides

Calcination of HZNa(9) ZOA(9)* 127.7 0.12 38

Calcination of HZNa(6) ZOA(6) 101.7 0.12 47

Calcination of HZNa(3) ZOA(3) 71.1 0.11 61

* Solids HZA(9) and ZOA(9) correspond to those identified previously as HZA-MEI and ZOA-MEI, respectively. This new nomenclature has been used to make the

time of reflux explicit.

zirconia during 3, 6, and 9 h with a solution of NaOH 5.0 M are
showed in Table 4. As it can be observed, the shorter the time of
treatment, the larger the specific areas of the hydrous zirconia.
But after calcination at 700 °C for 3 h, the specific area of the
different zirconium oxides obtained is practically the same,
with values around 130 m%*/g. The adsorption—desorption
isotherms of the hydrous zirconia and zirconium oxides treated
during 3 and 6 h (not shown) are very similar to those obtained
during the standard treatment of 9 h, shown in Figs. 1E and 3E,
respectively. Similarly there is no important difference in the
pore size distribution curves of the three final oxides. This
indicates that the stabilization process of the hydrous zirconia is
relatively fast, and that the treatment time can be decreased
without affecting the properties of the final zirconium oxide.

In the case of the treatment with NH,OH, however, the effect
of the reflux time is very important. Table 5 shows the
characterization data of the hydrous zirconia and the resulting
zirconium oxides after treatment with aqueous solution of
NH,4OH for different times. While the physical characteristics
of the hydrous zirconia are similar regardless the treatment
time, the zirconium oxides obtained after calcination at 700 °C
for 3h show that increasing the reflux time produces an
important increase in their specific area. This increase of the
specific area is due, essentially, to the formation of pores with
smaller average size, since the pore volume is very similar in all
the materials. The adsorption—desorption isotherms and the

pore size distribution of the hydrous zirconia refluxed for 3 and
6 h (not shown) are very similar to the one obtained for the
material treated during 9 h (Figs. 1C and 2C, respectively).
However, this is not the case for the corresponding oxides. The
pore size distributions of these zirconium oxides obtained with
treatment with NH,OH during different times are shown in
Fig. 8. As it can be observed, with 3 h of treatment, the material
presents a bimodal distribution with pore diameters centered
around 32 and 55 A. The increase of the treatment time
produces a notorious change on the bimodal distribution,
becoming a monomodal distribution with pore sizes centered
near 35 A, after 9h of treatment. As it was mentioned
previously, the decrease in the pore diameter would explain the
increase in the specific area of the zirconium oxides with the
increase of the treatment time. Thus, it is clear that, contrary to
what happen during a treatment with NaOH, the stabilization of
the materials treated with NH4OH is a slow process in which the
reflux time is a very important variable.

4. Discussion

Various explanations for the stabilizing effect of the reflux
treatment at high temperature with NH,OH and NaOH
solutions have been proposed in the literatures [16,18,19,23].
When the digestion is made in the presence of NH,OH, Chuah
et al. [16] propose that refluxing with this base at temperatures
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Fig. 8. Pore size distribution of zirconium oxides obtained by calcination of
commercial hydrous zirconium MEI treated with aqueous NH4,OH solution at
different reflux times: (A) 3 h; (B) 6 h; (C) 9h.

higher than 80 °C leads to the elimination of water from the
double hydroxo groups to form oxo bridges. Later calcination
of the oxo-hydroxide leads to the formation of very fine
crystallites of zirconia, which results in a greater specific area
of the oxide. A different explanation for the stabilization of the
structure of hydrous zirconia was proposed by Chuah and
Jaenicke [18,19] when digestion is done in the presence of
NaOH. According to these authors, during digestion the higher
temperature enhances the rate of collision between particles,
increasing the rate of condensation at the junction of particles.
This process leads to a thickening of the interparticle network
of the hydrous oxide, retaining the porous structure during
drying, when water is removed from the pores, and obtaining an
oxide with larger specific area. A similar explanation was
proposed later by Chuah et al. [19] for the stabilization of
hydrous zirconias prepared by the sol-gel method by refluxing

with NH,OH solutions. In a recent work, however, Yin and Xu
[23] proposed that the incorporation of Si from the glass flask
used for the reflux treatment may cause the stabilizing effect of
the structure of hydrous zirconia prepared by a sol-gel method.
They came to this conclusion based on the fact that, when using
a teflon flask instead of one made of glass, the reflux of the
hydrous zirconia in basic solution does not produce a
stabilization of the material. They also found that the addition
of a small quantity of Si(OC,Hs), to the solution with ZrOCl,,
allowed the stabilization of the hydrous zirconia refluxed in
teflon flasks. A similar conclusion regarding the stabilization
effect of Si was reported by Sato et al. [24], when a hydrous
zirconia is treated under hydrothermal conditions in a plastic
flask with small pieces of quartz.

To verify if silicon was incorporated during the reflux
treatments the silicon content was determined by EDS of the
solid samples obtained by calcination of the hydrous zirconia
refluxed for 9 h with NH,OH (solid ZOA) and NaOH 5.0 M
(solid ZONa), corresponding to the most extreme treatments
conditions (the longest reflux time for NH4OH treatment and
maximum NaOH concentration). EDS analysis shows that for
the zirconium oxide prepared by NaOH reflux (ZONa) the
average Si content is 5.2%, very similar to the value reported by
Yin and Xu for the material refluxed with NaOH in glass flask
[23], whereas no Si was detected in the solid treated with
NH4OH (ZOA). Clearly, the difference in the silicon content
must be related with the amount of silica that can be dissolved
from the flask walls during the treatments with NH,OH and
NaOH solutions. Therefore, two experiments were performed
in order to reproduce the reflux treatment, but without placing
hydrous zirconia in the ball. The objective was to determine the
silicon content in these solutions. In the case of reflux treatment
with NH4OH solution for 9h, elemental analysis by ICP
indicated a Si concentration of 0.17 g/I, while in the solution
obtained from reflux with NaOH 5.0 M for 3 h, a significantly
higher Si concentration was detected, ca. 5.9 g/l. It is clear then
that the amount of silicon dissolved from the walls of a glass
ball during the treatment in NH4,OH considerable less than the
one obtained in presence of concentrated NaOH, even when the
reflux time with NaOH is only 3 h. These results explain the
high silicon content in the sample treated with NaOH 5.0 M,
while in the sample refluxed with NH,OH, the Si concentration
was below detection limits.

The previous results suggest that the stabilization of the
samples treated with NH,OH, for reflux times under 9 h cannot
be related with incorporation of silicon in the solid, but rather to
a dehydration mechanism as the one proposed by Chuah et al.
[16]. This would explain why, when the zirconium oxide is
stabilized by a NH,OH treatment, there is a strong influence of
the refluxing time on the final surface area of the solid. On the
other hand, in the case of the samples treated with NaOH, the
presence of Si indicates that the stabilization of the material is
probably related to its incorporation into the structure of the
hydrous zirconia, as previously suggested in the literature
[23,24]. To separate the effects of the digestion in NaOH
solution and the silicon incorporation on the physical
characteristics of the solids, additional experiments were
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Fig. 9. N, adsorption (—) and desorption (- - -) isotherms of hydrous zirconia
treated with NaOH 5.0 M solution for 3 h: (A) reflux in glass flask; (B) reflux in
plastic flask.

carried out using plastic flasks (PP Plastibrand) to avoid
unwanted contamination with Si. Fig. 9A and B shows the
isotherms of the samples obtained after treating hydrous
zirconia MEI with a NaOH solution 5.0 M for 3 h, using a glass
flask (Fig. 9A) and a plastic flask (Fig. 9B). As it can be
observed, the adsorption—desorption isotherms are practically
identical in both cases, as well as the specific areas (around
300 m2/g in both cases). However, the areca of the oxide
obtained after calcining the sample treated in the plastic flask
was only 30 m*/g. This value is very similar to the area of the
oxide obtained from the hydrous zirconia MEI without any
reflux treatment (36 m2/g). Thus, it is clear that the NaOH
treatment determines the porous structure of the refluxed
hydrous zirconia, but, in absence of silicon, the zirconium oxide
is not stabilized by a treatment with concentrated NaOH
solutions.

It was also found that the stabilization of the hydrous
zirconia is a very fast process in the presence of an external Si
source. Indeed, when the hydrous zirconia MEI is refluxed in
the plastic flask for 30 min with a solution 5.0 M of NaOH, and
5 g/l of silicon are added (as sodium silicate), the resulting
zirconium oxide maintains a specific area 147 m%g, a value
almost five times higher than the one obtained in absence of
silicon, even for this short time reflux. This short time needed to
stabilize the hydrous zirconia is consistent with the results
reported by Sato et al. [24], who proposed that silicon deposited
on the surface of the primary particles of hydrous zirconia,
avoiding further aggregation upon calcination. The almost null

dependence of the specific area of the zirconium oxides with the
refluxing times in NaOH solution (Table 4) can be then
explained by a high concentration of silicon in solution, that
quickly stabilizes the structure of hydrous zirconia indepen-
dently of the treatment time.

Regarding the effectiveness of the post-synthesis treatments
for the structure stabilization of the hydrous zirconias, it is
important to mention that in the case of treatment with NH,OH,
stabilization of the commercial hydrous zirconia by a short
post-synthesis reflux (9 h) is comparable to that achieved by
Chuah et al. [16] by precipitation of zirconium(IV) chloride
with NH4OH followed by digestion in the mother liquor for
48 h at 100 °C. Thus, even though in our case the hydrous
zirconias were obtained by a completely different method, this
treatment with NH,OH leads to a material with a thermal
stability similar to that found by those authors. In the case of
treatment with NaOH solutions a comparison cannot be made
since Chuah and Jaenicke [18] do not report on the silicon
incorporation in the final oxides.

It is therefore clear that by applying these short post-
synthesis treatments it is possible to stabilize the materials
obtained by completely different methods to a similar extent as
those achieved if the digestion is included as an integral part of
the synthesis. The presence of Si is however needed when the
treatment is made with NaOH solutions. The effectiveness of
these treatments depends on the characteristics of the original
hydrous zirconias. Regardless the source of silicon, either from
the dissolution of the glass walls or by addition of a Si
containing compound, an adequate choice of the post-synthesis
treatment, particularly the NaOH concentration would allow to
control the physical characteristics of the resulting zirconium
oxides.

5. Conclusions

The post-synthesis treatment of different hydrous zirconias
either with NaOH or with NH,OH has been shown to be
effective in the stabilization of their structure, leading to an
increase in the specific area of the zirconium oxide obtained
after calcination of the hydrous zirconias at 700 °C for 3 h. It
was found that the stabilization of the hydrous zirconia by
reflux in NaOH solution is related to the addition of Si into their
structure. The physical properties, pore size distribution and
pore volume, are controlled by the treatment conditions as
reflux time and alkali concentration. The final structure is
stabilized by the silicon added to the solution either from an
external source or from dissolution of the flask glass walls. On
the contrary, for the treatment with NH,OH solutions for reflux
times under 9 h, there was no evidence of Si addition.

The results of this work show that with a relatively simple
treatment it is possible to substantially improve the thermal
stability of hydrous zirconias synthesized by routes that
originally lead to materials having low thermal stability. In
treatments with NaOH solution, the alkali concentration allows
to control the pore size distribution of the zirconium oxides. In
the case of treatments with a NH,OH solution, the porous
structure can be the controlled by modifying the reflux time.
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These results are of particular interest in catalytic reactions
where the selectivity or product distribution can be selectively
controlled through the average pore size.
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